Abstract Flood risk management decisions require the rational assessment of mitigation strategies. This is a complex decision-making process involving many uncertainties. This paper presents a case study where a cost-benefit based methodology is used to define the best intervention measures for flood-risk mitigation in central Spain. Based on different flood hazard scenarios, several structural measures considered by the local Basin Water Authority and others defined by engineering criteria were checked for operability. Non-systematic data derived from dendrogeomorphological analysis of riparian trees were included in the flood frequency analysis. Flood damage was assessed by means of depth-damage functions, and flooded urban areas were obtained by applying a hydraulic model. The best defense strategies were obtained by a cost-benefit procedure, where uncertainties derived from each analytical process were incorporated based on a stochastic approach to estimate expected economic losses. The results showed that large structural solutions are not economically viable when compared with other smaller structural measures, presumably because of the pre-established location of dams in the upper part of the basin which do not laminate the flow generated by the surrounding catchment to Navaluenga.
Introduction
Every year, flooding causes important economic damage and loss of life worldwide (Gaume et al. 2009 ). Recent studies indicate that catastrophic flood events have increased over the last 10 years in Europe, with a large number of casualties and losses amounting to more than 100 billion euros between 1986 (CEA 2007 . In the case of the Iberian Peninsula, the different scenarios reported by the IPCC (IPCC 2001) , as a result of increased greenhouse gases and aerosol concentrations, indicate that the likelihood of increased rainfall may pose major flood risks in the future (Pall et al. 2011) . Furthermore, it has been suggested that inadequate land-use policies, together with major human activity on flood plains, could increase flood damage as a result of higher exposure and vulnerability (Benito 2006) . In Spain alone, the expected economic losses for the period 2004-2033 could reach almost €24 billion (Ferrer et al. 2004 ) with an unknown but large number of casualties. Within this context, defining optimum strategies for appropriate flood risk management, as specified in the EU Flood Directive 2007/60/EC, is of paramount importance.
Flood risk management aims to reduce damage to people and goods to acceptable levels (Loucks et al. 2008) . Risk management strategies require both structural and non-structural measures and must be designed according to the type of flooding and the associated flood risk (Plate 2002) . Furthermore, optimal decisions must be based on a cost-benefit analysis (CBA) of the different alternatives for risk mitigation (Zhu and Lund 2009) . CBA aims to optimize the choice of alternatives from a financial standpoint (Tung 2002) . This procedure has been extensively used in many engineering fields (Sánchez-Silva 2001) including structural flood defenses (Tung and Mays 1981; Plate 2000) , as well as the complete basin defense plans for different likely scenarios (Dutta et al. 2006; Rasekh, et al. 2010; Eum et al. 2012) . Flood risk management based on CBA allows assertive decision-making, which is essential for building a safer society (Rackwitz et al. 2005) .
Because of the large number of parameters involved in flood risk analysis and their uncertainty, it is essential to rethink existing deterministically-based decision models (Apel et al. 2004; Merz et al. 2010) . Uncertainty is mainly due to the variability of input data (irreducible uncertainty) and an insufficient understanding of flood processes (reducible uncertainty; Merz et al. 2002) . For instance, Apel et al. (2004) classified the types of uncertainty existing in flood risk analysis and applied a stochastic model based on recorded data (i.e. flow gauge). Faber (2006) managed variability from hydrometeorological records and hydraulic models with Monte Carlo simulations to assess different operational flood scenarios at two study sites. Neuhold et al. (2009) described the variability observed due to changes in river bed morphology based on deterministic models and applied it to flood risk assessment. In all cases, the scientific community agrees on the difficulty of describing all the uncertainties involved in the flood risk assessment process. Thus, optimal decisions can only be made by taking into consideration all relevant uncertainties. Nevertheless, due to the predominance of extreme value statistics in uncertainty analysis it is essential in flood risk assessment to search for and include reliable evidence to improve statistical characterization (Merz et al. 2002 ). An important component of the process of constructing dependable models is the collection and management of experimental data to implement stochastic hydrological and hydraulic models. One possible way of extending systematic records is to include non-systematic data in flood analysis (Benito et al. 2005; Baker 2008 ). This may include dating sedimentary deposits by past floods and written records (Benito and Thorndycraft 2004) , as well as tree-ring evidence (Ballesteros et al. 2011a) as useful proxy data to reconstruct past flood events and therefore to explore variability and improve understanding of this process.
The aim of this paper is to present an integrated approach to evaluate a set of feasible local flood defenses based on flood risk analysis. An important contribution here is that the analysis uses non-systematic data derived from riparian vegetation. A stochastic approach is used here to manage the variability derived from non-systematic data from tree-ring analysis (Ballesteros et al. 2011b ) with the results derived from deterministic hydrological and hydraulic procedures. Other sources of reducible uncertainties (i.e. different storage capacity of dams; bottom outlet operativity; variability in flood depth-damage curves) have also been considered. Finally, a case study is presented of the Alberche river passing through the village of Navaluenga (Spanish Central System).
Overall Methodological Description and Model Used
The proposed approach quantifies the expected flood risk derived from various flood defense alternatives. It takes into account uncertainties resulting from non-systematic data included in hazard analysis. The conceptual framework is shown in Fig. 1 . Flood risk is evaluated in terms of the expected annual flood damage, expressed as: E (D| x), where D is the damage caused by a specific flood event (x) in a specific location (Tung 2002) . Epistemic uncertainties have been included following the guidelines reported by Merz et al. (2002) . A cost analysis of various flood prevention structural measures was carried out for each scenario. These structural measures include large and smaller dams as well as a set of storm tanks (CHT 1992) . Based on rainfall data, a semi-distributed hydrological model (HEC-HMS) was implemented to calculate the Flood Frequency Curve function (USACE 2009) . This model allows the use of several techniques to set up and control variables for simulating a rainfall-runoff process as well as the outcome of defense measures (i.e. reservoirs) in the basin system.
Empirical flood depth-damage curves were used to evaluate the economic losses for each return period (USACE 1992, and PATRICOVA 2002) . The 1D/2D coupled numerical hydrodynamic flow model MIKE FLOOD (DHI 2008) was used to obtain the water depth. This model is based on numerical equations of conservation of mass/momentum (Chow 1959) and is run with the required input data and parametrization including bathymetry and topography of the floodplain, geometry of hydraulic infrastructures, roughness value, eddy viscosity parameter, computational time step and boundary conditions. Finally a cost-based analysis was carried out to estimate the expected cost of each defense alternative considered (Section 4.4; Tung 2002) . Although similar decision-based risk approaches have been proposed and used (Merz et al. 2002; Tung 2002; Faber 2006; Dietrich et al. 2009 ), as far as the authors are aware this is one of the first examples of applied flood risk analysis where evidence from past flood tree-rings (i.e. non-systematic data) has been included in a flood hazard definition.
3 Case Study: Navaluenga, Spain
Basin System Description
The village of Navaluenga is located in the south of the province of Avila between the Sierra del Valle (E. Sierra de Gredos) and the Sierra de la Paramera (40º 24′ 30″ N; 4º 42′ 17″ W; 761 m asl; Fig. 2 ). This is one of most important villages within the unregulated basin of the Alberche river. The year-round population is 2011 inhabitants, with average age 47, which may reach a total population of 20,000 during the summer period. The provincial GDP is €19,940. The urban area is approx. 74 km 2 with over 4300 houses. The Alberche river flows W-E through the village and its tributary, the Chorrerón, flows N-S (Fig. 2a) . The archaeological heritage of the village includes a Roman bridge. Before reaching the village, the Alberche flows for 70 km in a natural regime with an average slope of 0.02 m/m, forming a river basin area of 717 km 2 . The basin is situated on impermeable bedrock materials of the Variscan Massif i.e., granitoids, schist and migmatite (Orejana et al. 2009 ) generating thin soils with high runoff potential. This area is characterized by a strongly continentalized Mediterranean climate (mean T=14°C; rainfall = 400-1200 mm) with forest cover and with grassland, scrub and agricultural soils.
A series of hydrometeorological gauges is located within the basin system, including 18 rainfall gauges with a 65-year validity period and a flow gauge operative since 1973/74 to the present, recording an average daily discharge of 133 m /24 h (CHT 2012). Evidence of past flood events has also been found on riverbank trees on the flood plain (Ballesteros et al. 2011b , Fig. 2b ).
Flood Damage: Historical Evidence
The analysis was based on both historical information collected from recorded flood occurrences and previous field observation. Flood evidence was obtained from people living locally who have experienced flooding and described the consequences. The oldest reliable documented records date from 1485, with more historical events recorded in the 18th and 19th centuries (1733, 1739, 1747, 1756, 1789 and 1856) . More than 40 mentions of flooding are found in the local and regional press over the last 140 years. These historical floods and their consequences are described by other authors (Díez 2001) .
Flood events of different magnitudes affecting Navaleunga have been observed e.g. the 1989 flood event (with peak discharge of 1099 m 3 s −1 ), causing damage and financial losses to housing and commercial facilities. Another example is the flood during the summer of 2009, which caused considerable damage to the ecosystem and to the water supply system, resulting in a domestic water shortage.
Data analysis shows that damage may have occurred as the result of the following:
i) flooding of the floodplains of both the main channel and its tributary stream, delimited by a geomorphologic approach; ii) deficiency of the levees built to accommodate discharges associated with medium-high return periods; iii) possible backwater effects upstream, aggravated by the existence of the historical and modern arch bridges; iv) the impact of the backwater effect caused by the coalescence of flood events in the Alberche and Chorreron.
Based on these results, two scenarios were considered: & S1) flooding occurring only in the Alberche; & S2) coalescing floods in the Alberche and the Chorrerón. 
Structural Mitigation Alternatives
The alternatives considered to decrease the peak of the expected hydrograph at Navaluenga were: a) Large dams: the construction of up to three large dams previously proposed by the local water authority (Confederación Hidrográfica del Tajo) (CHT 1992) at basin level design was considered. Various heights, hypothetical initial storage capacities and operativity of bottom outlets of the dams (i.e. open outlets vs. closed outlets) were evaluated. b) Small dams (S-Dams): these are smaller masonry dams built in tributary streams. Two possible dike heights were considered. c) Tributary stream storm tank (Chorrerón): constructing a storage tank to capture and retain rainwater during intense rainfall.
The locations of all mitigation structures considered are shown in Fig. 3a and Table. 1. The construction and operational costs of each strategy were estimated using the following criteria: i) average cost/m 3 concrete for large dams by type in Spain (per planned type: i.e. vault dams: €2300/m 3 ; gravity dams: €600/m 3 ; (MMA 2008)); ii) unit cost of work stipulated by the GTAGU (2010), for S-Dams (~€160/m 3 ) and storm tanks (€200,000/unit). Cleaning and maintenance costs for S-Dams and storm tanks were also considered (averaging €150,000/25 years for S-Dams and €20,000/10 years for storm tanks).
Assessment of the Flood Risk

Hydrologic Model
The hydrologic response was modeled based on data stored in 18 rain gauges installed within the basin and in its surroundings. Double-mass analysis (Kohler 1949; Searcy and Hardison 1960; Chang and Lee 1974) was used to check consistency between different precipitation time series. Precipitation return periods were derived from the statistical analysis of the daily rainfall datasets, applying the two-parameter SQRT-exponential type distribution of maximum (SQRT-ET-max distribution), where the parameters are obtained by using maximum likelihood estimators. Because sub-daily rainfall data is not available at the study site, return periods of daily rainfall were disaggregated considering an hourly time step based on the official Spanish IDF curves and using the alternating blocks method (Chow et al. 1988 ) to obtain the design hyetograph.
To build the basin model, a 90 m Digital Elevation Model (DEM) was used. The level of stream network detail was defined considering 1 % of the total drainage area as the upstream drainage area threshold (in square units) and consisted of 17 sub-basins (Fig. 3b) . Disaggregation was based on the spatial distribution of the physiographic factors that determine a homogenous hydrologic response (i.e., lithology, cover type, hydrologic condition, and slope).
The curve number method (CN) applied to determine losses were based on land use, land cover type and hydrologic soil group (Fig. 3c) . The input data used to define the curve number grid was a digital forest map (scale 1/50,000), with an attribute table containing land-use information. Since there are no soil maps for Spain with the level of detail required in this study, the information about the hydrologic soil group had to be inferred from geomorphologic information combined with geological bands (scale 1:50,000). Flood risk reduction strategies in the system, including reservoirs, were modeled in the hydrologic model. Thus, stage-storage relationships for each reservoir were derived from a 5 m DEM, which is the most detailed topographic data available for the study site. According to the seasonal variability in central Spain, two initial water storage capacities were taken as boundary conditions (i.e. 100 % and 30 %), but different dam heights and the operativity of bottom outlets were also considered.
The hydrologic model calibration and validation was limited by the short time series and the lack of information from hydrographs and hyetographs. Three events were used to compare the results, while two more were used to validate the model by means of an automatic calibration routine in which the percentage error in peak discharge and the unvaried method (Huberlandt et al. 2008) were used as the objective function and the search algorithm, respectively. The mean deviation derived from the calibration process was quantified as 23.3 % (Table 2) . Finally, the peak discharge results obtained were then fitted to the General Extreme Value (GEV) distribution: where μ, β and ε are parameters that can be estimated by the moment method. The Kolmogorov-Smirnoff test was also used to determine goodness of fit. Table 3 shows the Finally, past flood evidence was taken into account through the analysis of tree-rings, which provided information on unrecorded past flood events. Then, we compared the expected value of the statistical fit using GEV distribution (considering a 500-year time horizon, Fig. 4 ) of: the flood frequency obtained with 1) the extended flow gauge with treering data, and 2) the hydrologic model (i.e. current regime). The results showed a coefficient of variation of 40.9 %.
Hydraulic Analysis
This part of the analysis is concerned with the evaluation of the water depth for all scenarios considered: (i.e. S1 and S2). The hydraulic parameterization and boundary conditions are shown in Fig. 5 . Floodplain and channel topography data were obtained during field work for this analysis. The river cross sections were taken in the island river area for 1D implementation, and bathymetry (scale 1:500) generated for the built-up area. Urban topography using CAD, (scale 1:1000) was also completed including contour lines, buildings and the most important infrastructure in terms of hydraulic modeling (i.e., bridges, streets) was used to generate a triangulated irregular network (TIN). Finally an ASCII regular mesh (2× 2 m) of the study site was derived from the TIN which was incorporated into MIKE 21, while initial cross sections were incorporated into MIKE 11.
The roughness coefficient (Manning's n value) was obtained for both the channel and floodplain from delineation of homogeneous units by roughness. This information was placed discretely in cross sections, with continuous integration of the twodimensional model. The initial roughness values used in the iterative calibration procedure were based on the delineation of homogeneous land-use according to the criteria defined by Chow (1959) .
Turbulent flow characteristics were incorporated using the eddy viscosity parameter; however, as this data is unknown and could not be measured during flooding, an approximate value of 0.0045 m 2 s −1 for the river was used, as suggested in the literature (Yong 2005) . The geometry of structures including bridges and weirs was also incorporated into the model. Finally, boundary conditions were given upstream assuming normal depth since the channel is more or less longitudinally uniform in this reach. The hydraulic simulation was carried out with a time range of 25,000 s with a time step interval of 0.05 s, which ensured stable conditions in the simulation. The hydraulic calibration focused on defining the range of possible roughness values as defined in Chow (1959) . To do this, the gauge station rating curve and scars on trees, previously dated by dendrogeomorphological techniques (Ballesteros et al. 2011b), were used. The incorporation of tree scars provided multiple point controls which improve the spatially-distributed roughness calibration. Six dendrogeomorphologically well-defined recorded flood events were chosen to apply an iterative method varying the roughness parameters to allocate values minimizing the error between the observed water height (point controls, tree scars and rating curve) and simulated values. An iterative calibration routine was used to adjust model parameters until an acceptable match between simulated peak flow and observed peak flow was reached. The quantitative measure of this match was described by the objective function percentage error in peak discharge (Huberlandt et al. 2008 ). The optimal parameters that minimize the above objective function were found using an iterative search process based on the univariate gradient method. The observed variability derived in this process has been considered as parametric uncertainty (Neuhold et al. 2009 ; Table 4 ).
Damage Loss Estimation
The focus here was on tangible costs related to structural damage to buildings and properties based on the depth-damage function for flood damage estimation.
The analysis is based on two catalogs of residential depth-damage functions:
1. the USACE (1992) catalog, a review of different damage functions derived from deterministic estimation for different flood event typologies; 2. the PATRICOVA (2002) catalog, which includes different damage functions based on idealized element replacement values for the Mediterranean area. The deterministic depth-damage functions considered here were derived from stream flooding caused by precipitation from intense thunderstorm activity and long duration frontal activity. The typology of residential uses taken into account was (Fig. 6 ):
1. single storey with basement; 2. single storey without basement; 3. multi-storey with basement; 4. multi-storey without basement; 5. mobile home; 6. electricity facility; 7. public areas. To evaluate the impact of the flooding several GIS tools based on statistical and spatial analysis was used following the guidelines proposed by Kang et al. (2005) . Residential use classification was based on the local cadastral map. The percentage change in value as a result of flood damage is based on the average market price for residential buildings (i.e. €150,000), and on the replacement value for electrical facilities (i.e. €80,000) and public areas (i.e. €60/m 2 ; PATRICOVA 2002). For residential facilities, the structural damage was taken as 15 % of the average building price; the cost of damage to contents was assumed to be 20 % of the total value. The loss-return period functions for two possible risk scenarios are considered here (S1 and S2) (Fig. 7) . In the current situation (natural flow regime) the estimated expected loss for an exceedance probability of P f =0.002 is approximately €1.6 million for scenario S1, and €3.1 million for scenario S2.
Flood Risk Cost-Based Decision Analysis
The flood risk should be computed in terms of the total annual expected cost, i.e.,
where n is the number of possible interventions considered; E[C T ] i is the expected total cost derived from the intervention measures i and possible associated damage; C 0,i is the cost of implementing measure i; and D i ðx; ΦÞ is the total cost of damage in the area when subjected to an event x. Note that D depends on Φ, which is a vector parameter describing the physical characteristics of the affected area (water depth, typology, etc.). Because decisions need to be made at time t=0, all costs need to be discounted. Discounting to t=0 can be made using a continuous discounting function, e.g., exp(−γt), where γ is the discount rate (γ approx 3-7 %). This can be done using a capital recovery factor (CFR), expressed as:
which depends on the time horizon (t=500 years) and an average interest rate i, which usually varies between 3 % and 7 %, based on 20 years of historical data (Banco de España, 2011). In Eq. 1, the term C 0i depends exclusively on the cost of the alternative (i.e. flood defense structure) and includes factors such as typology, configuration and size at preliminary project level. In the case of dams, these are considered as multipurpose (e.g., tourism, water supply) and thus only 20 % of the total cost has been attributed to flood defense.
The second term in Eq. 2, D i ðx; ΦÞ , depends on the magnitude of the flood event and the vulnerability of Navaluenga. Estimating this term is the real problem in a flood risk analysis (Merz et al. 2010) . Then the total annual expected damage associated with intervention measure x is calculated as Equation 4 (Cheng et al. 1993) :
where D i ðx; ΦÞ is the estimated flood damage (section 3.3.3), which depends on the vector parameter Φ (section 3.3.2), defined mainly by water depth and peak discharge function for return period T i (section 3.3.1). Note also that the analysis is carried out for two hazard scenarios defined by the sub-index j (section 3.3.2). The damage loss uncertainties are represented by the density function f Φ ðx; ΦÞ which was assumed to be log-normal (Fig. 9) . A summary of coefficient of variation values (COV) for different aspects of the analysis can be observed in Table 5 .
Results and Discussion
To make a comparative analysis of the alternatives considered, the results were divided into three groups: i) Group 1: Expected annual cost lower than €3.1 million for S1 and €2.8 million for S2. These alternatives show the lowest expected losses. Depending on the construction cost, these alternatives may be feasible. ii) Group 2: Expected annual cost between €3.1 and €6.8 million for S1 and between €2.8 and €7.4 million for S2. Alternatives within this zone are not optimal but may be feasible where specific considerations go beyond the scope of only the flooding problem. iii) Group 3: Expected annual costs higher than €6.8 million for S1 and €7.4 million for S2. Alternatives within this zone are unreasonable due to their high costs. Figures 8 and 9 show the annual expected flood losses and annual expected cost of flood defense incurred for the two hazard scenarios considered. For S1, 18 different alternatives were evaluated; these include several individual structural measures and their combinations. For Scenario S2, 24 alternatives were considered. For both scenarios, there are almost 6 cases in which the annual flood risk is completely within reasonable limits (Zone 1); although for S2 there are 4 more alternatives which present around 50 % probability of annual flood losses within zone 1 (Table 6 ). Based on these results, the optimal alternatives to decrease the flood risk in Navaluenga to a reasonable level in S1 were: to build smaller dams (S-Dams) 12 or 6 m high (Fig. 3 shows S-Dam locations) and combine these with the projected Navarrevisca dam (optimal height of dam 50 m). However, for scenario S2, the best alternative is to build S-Dams (both 12 and 6 m high) and a storm tank in the Chorrerón stream.
In the cases where S-Dams are built in combination with Navarrevisca and Venta del Obispo Dams there is ≥50 % probability that the associated annual expected flood losses would be in group 1 (Table 4, alternative S2: 14, 15, 16 and 18) . Although these alternatives may also appear interesting, they only affect the Alberche River, making them less advisable. This is because the definition of S2, which implies that the tributary stream running through the village also floods, has shown greater potential for expected direct losses as well as a greater threat to the population, compared with S1. In fact, for S2 the average annual expected loss for the optimal alternative is €25,644 (standard deviation: €10,257), implying a reduction in flood risk of almost 87 % compared with the current situation where annual expected losses rise to €210,660 (standard deviation: €86,431). However, optimum alternatives in S1 provided slightly higher annual expected losses (€26,309, standard deviation: €10,962), i.e. a 73 % reduction in flood risk compared with the current expected annual losses (€99,266, standard deviation: €41,359).
In both scenarios, the average construction costs of the optimum alternatives would be €542,475 (S1) and €550,073 (S2). These results definitively support the idea that the best alternatives for flood mitigation in Navaluenga are those chosen for S2 (i.e. building a combination of S-Dams in tributary streams and a storm tank in the Chorreron stream). In fact, the cheaper and easier alternative of building a storm tank outside the village on the Chorrerón stream has been shown to be fundamental. To build only large dams (i.e. Venta del Obispo or Morisco Dams) could give the population a false sense of security, but could result in increased exposure and vulnerability and thus greater expected flood risk. In Mediterranean cultures, people who live downstream of a dam think that the reservoir will (Heidari 2009 ), the reason why they do not appear as reasonable alternatives here are: i) the high construction cost, although the multi-purpose nature of the dams has been considered and is reflected in the inclusion of only 15 % of the total cost in the estimated installation cost; and ii) the location of the dams within the hydrological system. The estimated construction cost of the dams is considered here to be reasonable and therefore its uncertainties do not affect the decision-making. This estimate was made based on the relationship between the technical characteristics (i.e. typology and concrete volume) and the updated bidding cost of 13 recent large dams, built in Spain during the last 15 years (MMA 2008) ; the cost attributable to flood protection was however fixed arbitrarily. Lower percentages could be also taken into account; but the high cost of such structures continues to make them an unreasonable alternative. Nevertheless, the most important factor explaining the non-effectiveness of dams is the pre-defined location of the dam at the previous project level. This present study shows that the criteria used for a large dam site (i.e. maximum overall economic efficiency, river constriction and bedrock, high water storage capacity and high hydraulic jump for electricity production), do not always match the criteria required for proper flood defenses. The spatial location of the structural measures within the hydro system seems to be the key to efficient flood defense. Thus, structures planned on tributary streams closest to Navaluenga will generally be more effective than large structures located further away.
The uncertainty around expected flood losses is controlled by the accuracy in evaluating past flood evidence; this uncertainty results in an average coefficient of variation of 41.2 %. Several studies indicate that the source of most uncertainties in flood risk assessment is the incomplete understanding of the flood-frequency law (Merz et al. 2010; Apel et al. 2004 ). In agreement with this, here the main source of uncertainty (almost 40.6 %) was assigned to the variability observed in flood-frequency after including flood evidence from tree-rings. The sources of uncertainties such as roughness parameters were also assessed in this study, but their contribution to the global uncertainty was marginal.
Other sources of uncertainty are not considered here, e.g. changes in land use, adaptive capacity (Merz et al. 2010 ) of a specific population group or the impact of climate change, which should be taken into account when assessing flood risk in today's changing world (Plate 2002) . There is an uncertainty in the peak discharge estimation associated with the spatial-temporal rainfall disaggregation applied in this study. Although this uncertainty is not negligible for hydraulic work design purposes, the lack of enough detailed data limited the use of more complex distributed hydrological models. Nevertheless, we do not expect that the rainfall disaggregation used here alter significantly the final flood risk estimation.
Finally, because information to calibrate sediment transport in the study river was not available, we could not include uncertainties from river morphological changes, which in previous studies seem to be much higher than the influence of discharge input variations (Neuhold et al. 2009 ). To address these questions, future work on this river basin should focus on the search for more evidence and its relationship with climatic conditions to allow realistic local scenarios to be defined.
In this study economic criteria were used to determine the acceptability level. Other authors have also used the number of expected fatalities for this purpose (Jonkman 2007) . In general, all criteria used are aimed at reducing the expected risk as far as reasonably possible (ALARP, HSE 2001; Ayala-Carcedo 2001) . Further studies in this field should be focused on a multi-criteria decision process, where several factors are taken into consideration to select the best option.
Conclusions
This paper presents a flood risk assessment for the town of Navaluenga in Spain. The objective of the study is to compare the possible alternatives and decide on the best intervention measures. The comparison of the alternatives is cost-based. This analysis shows that uncertainties derived from non-systematic data (i.e. tree-ring analysis) included in the flood frequency definition can be used in flood risk assessment.
Results have shown clearly that the best flood defense strategy for Navaluenga is to build a combination of S-Dams on the tributary stream and a storm tank on the Chorreron stream. The importance of spatial location within the hydrologic system has also been demonstrated as well as the possible incompatibility of criteria used to define the locations of dams intended for a water reservoir or electricity generation with those for dams intended as flood protection for a given location. Although more research is needed to define uncertainties due to global change and the constantly changing environmental conditions, in agreement with Benito et al. 2005 , the authors want to emphasize the usefulness of including non-systematic data in pragmatic decision-making procedures.
